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a b s t r a c t
Carbon catalysts have been widely used for various electrochemical reactions including oxygen reduction
reaction (ORR) and their catalytic activities are signiﬁcantly dependent on carbon precursors. Ionic liquids
(ILs) are promising precursors of heteroatom-doped carbon electrocatalysts for ORR. Herein, we demonstrated that an IL tailored with π -π conjugated interaction introduced by a π -electron enriched aromatic
ring can offer a carbon material with improved ORR activity.
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1. Introduction
Oxygen reduction reaction (ORR) is an important reaction for
sustainable power sources such as fuel cells and metal-air batteries. The ORR is sluggish in kinetics and eﬃcient electrocatalysts are
necessary [1,2]. Nowadays, noble-metal-based catalysts (e.g. Pt, Ru
catalysts) are the most eﬃcient electrocatalysts for ORR. However,
their high price, poor stability and limited natural abundance have
largely hindered the widespread commercialization of the catalysts
for the sustainable power sources. Therefore, considerable efforts
have been made to develop non-precious metal catalysts (NPMCs)
[3], and heteroatom doped carbon materials have been considered
as an important group of metal-free NPMCs [4].
For the heteroatom-doped carbon materials, a precursor is important as it determines the simplicity of the preparation, the morphology and the catalytic performance of the resultant sample [5].
Currently, ionic liquids (ILs), a type of organic salts with low melting points [6], have been investigated as promising carbon precursors [7]. Several investigations suggested that increasing the π electrons in a carbon catalyst helps to improving the catalytic activity of ORR [8–10]. Therefore, the IL with enriched π -electron
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groups may derive to carbons with an improved ORR catalytic performance. However, the relevant investigations have rarely been
conducted.
Herein, we developed a carbon by tailoring IL with π -π
conjugated interaction introduced by a π -electron enriched aromatic ring and investigated the derived carbon for ORR. An IL of
hydrolyzed benzimidazolium dihydratephosphate ([HBimi]DHP) is
designed as the precursor for a N, P co-doped carbon material. This
IL was selected because the cation has two aromatic rings with
more π -electrons. The results show that the catalytic performance
of the carbon from [HBimi]DHP was improved as compared to the
carbon derived from the IL with monocylic-aromatic cation, suggesting a promising strategy to design or select IL precursors for a
better ORR catalyst.
2. Experimental
The [HBimi]DHP was prepared as described previously with
some modiﬁcations [7]. Brieﬂy, H3 PO4 (85%) was added dropwisely to an equal mole of benzimidazole under stirring in an ice
bath. Subsequently, the mixture was stirred for another 4 h in a
water bath at 90 °C to obtain a viscous and transparent liquid
[HBimi]DHP. The obtained IL was characterized by 1 H NMR to conﬁrm the structure as shown in Fig. S1 in the supporting information (ESI). Then the IL was pyrolyzed at 900°C for 1 h under N2 atmosphere. The black carbon powder (termed as C1 ) was collected
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Fig. 1. (a) Illustration of the catalyst preparation process, (a) C1 , and (b) C2 .

as the ﬁnal product. The C1 was characterized for catalytic performance as described in detail in the ESI. The synthesis process is
schematically presented in Fig. 1a.
For comparison, an IL of hydrolyzed methyl imidazolium dihydratephosphate ([Hmim]DHP) with one aromatic ring was used
to prepare a reference carbon sample (Fig. 1b). The two ILs were
selected because they have different number of π -electron and
largely no other obvious factors laying inﬂuence on the resulting
carbon. So, it would be much reasonable to attribute the catalytic
performance difference to the π -electron of the two ILs. The anion
is H2 PO4 − so the corresponding product is also N, P co-doped carbon, and is denoted as C2 . The C1 and C2 were evaluated for ORR
with cyclic voltammetry (CV) and linear sweep voltammetry (LSV)
tests in rotating disk electrode (RDE) and rotating ring-disk electrode (RRDE) technologies. For the LSVs, the scan was conducted
from 1.2 VRHE to 0.0 VRHE at a scan rate of 10 mV s−1 . For comparison, the LSV for commercial Pt/C (20 wt. %, Johnson Matthey, UK)
was measured.
The stability was characterized by the chronoamperometry performed at around the half-wave potential of each sample for
7200 s.
Several physical characterizations such as UV-vis spectroscopy
(solid), X-ray photon spectroscopy (XPS), and scanning electron
microscopy (SEM) were performed as described in detail in the
ESI. The electron distributions of the imidazole and benzimidazole
were calculated theoretically with density functional theory (DFT)
with the Gaussian 03 software. The UV-vis spectra of the precursor
of C1 and C2 were calculated with TDDFT method with the Gaussian 03 software.

The higher ORR activity of C1 is also indicated by the much
smaller Tafel slope of 76.5 mV dec−1 at low over-potentials (Fig. 2c,
much close to that of the commercial Pt/C). The Tafel plot of C2
shown in Fig. 2c is divided into two stages, the slope of which are
96.2 and 175.5 mV dec−1 , both are higher than that of C1 . The speciﬁc kinetic current densities of C1 and C2 normalized by mass at
various potentials are presented in Fig. 2d. The C1 also shows superiority to C2 derived from imidazolium IL in terms of speciﬁc
kinetic current. At the potential of 0.6 VRHE , the speciﬁc current
density for C1 is around 12 A g−1 , while C2 has the density of 7.8
A g−1 . Therefore, the introduction of the aromatic ring into the carbon precursors is effective for the ORR activity enhancement of the
corresponding heteroatom-doped carbon material.
The C1 was subsequently investigated for ORR catalytic performance with the RDE technology. The LSVs at various rotational
rates are shown in Fig. 2e. The current density increased with increasing electrode rotation rates for the thinner diffusion layer at
a higher rotation rate. The number of electrons transferred (n) in
the ORR was estimated with the RRDE technology (Fig. 2f). The C1
displayed a disk current density of 3.2 mA cm−2 and a much lower
current density of ~0.25 mA cm−2 (Fig 2f). The n and H2 O2 % vs. the
potential are presented in the inset of Fig. 2f. The n is in the range
of 3.2~4 in the potential range of 0~0.8 VRHE with H2 O2 % around
40%. This means that the ORR is a largely 4-electron pathway. The
RRDE characterization was also performed for C2 . The n is lower
than that of C1 , and the H2 O2 % is higher than that of C1 , implying that the ORR eﬃciency on the C1 is higher than that of the C2 .
The stabilities for C1 and C2 were characterized by the chronoamperometry (Fig. 3a). The current for C1 maintains 86% of the initial
current, while only 74% remains for C2 after 7200 s. Therefore, the
C1 has a higher stability than C2 , implying the superiority of the
π -electron enriched IL as the precursor for heteroatom doped carbon.
For the understanding of the improved ORR of C1 , we evaluated the physical properties of C1 and C2 and presented detailed
discussion in the ESI. C1 and C2 present similar physical properties in terms of morphology (Fig. S2 and Fig. S3), crystalline structure, graphitic degree (Fig. S2), heteroatom contents (Table S1) and
surface area (Fig. S4). However, no obvious advantage of C1 in
the properties such as morphology, heteroatom or surface area is
observed. C1 precursor has an imidazolium ring and linked benzene ring. The extra benzene ring with more π -electron would
strengthen the π conjugation system of the IL-derived carbon for
improved catalytic performance, as some structure of the precursor may remain in the catalyst as reported in our previous works
[14,15].
We characterized the C1 and C2 for UV-vis spectroscopy
(Fig. 3b). The peak attributed to π –π ∗ transitions of C-C bonds in
the C1 is red-shifted to 227 nm from 219 nm for C2 [16], suggesting that the introduction of the aromatic ring altered the π electron system at the C1 surface [16–19]. The UV-vis spectroscopy of
the precursor of C1 and C2 were calculated, and the red-shift of
the spectra for the precursor of C1 is found as shown in Fig. 3c.

3. Results and discussion
The CVs were obtained on C1 in O2 and N2 -saturated 0.1 M
KOH aqueous solution at a scan rate of 10 mV s−1 (Fig. 2a). The
CV appears in a featureless voltammetry curve in the N2 -saturated
electrolyte. This curve is ascribed to the typical double-layer capacitive current of porous carbon materials [11]. In contrast, a profound cathodic current is observed when the electrolyte is saturated with O2 , demonstrating a profound ORR catalytic activity of
C1 . Fig. 2b shows the LSVs of C1 , C2 and commercial Pt/C (20 wt.
%) at 1600 rpm. The onset potential (EO , deﬁned as the potential
when the current density is 0.1 mA cm−2 [12]) for C2 is around
0.87 VRHE . When the precursor is tailored with the aromatic ring,
the EO of the corresponding carbon increased to 0.93 VRHE (C1 ).
The half-wave potential (E1/2 ) increased from 0.63 for C2 to 0.81
VRHE for C1 , implying that the tailoring of the IL with an aromatic
ring helps to improving the catalytic performance as the higher Eo
and E1/2 values mean a higher catalytic activity [13]. The LSV for
the commercial Pt/C is also presented in Fig. 2b. The limit current
is much higher than that of C1 , implying that the catalytic performance of C1 is lower than that of commercial Pt/C catalyst. However, the much lower price of C1 than the commercial Pt/C still
makes it interest for investigation.
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Fig. 2. (a) CVs for C1 in the N2 and O2 saturated electrolyte of 0.1 M KOH, (b) LSVs at 1600 rpm, (c) Tafel plots, (d) speciﬁc kinetic current density, (e) LSVs for C1 at various
rotational speeds, (f) RRDE measurements (1600 rpm) of ORR on C1 and C2 , inset is the n and H2 O2 % at various potentials for C1 and C2 .

Fig. 3. (a) Current-time curves at E1/2 , (b) UV-vis absorption spectra, (c) the calculated UV-vis absorption spectra of the precursor of C1 and C2 , (d) XPS N1s spectra for C1
and C2 .
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As several properties of the precursor shall remain in the corresponding carbon [14], the red-shift may have caused the red-shift
in the resultant carbon shown in Fig. 3b. The improved π -π ∗ transitions of C-C bonds in the C1 is further implied by the XPS N1s
spectra (Fig. 3d). The N1s peak for C1 has a shifted binding energy
(400.4 eV) from that of C2 (400.9 eV). This energy shift is caused
by the π -π conjugated interactions [20] due to more π electrons
in the benzimidazolium, which has 10 π electrons, while the C2
precursor has only 6 π electrons. The detailed peak assignments
of C1 and C2 are presented in the discussion of Fig. S2 and Fig.
S6 in the ESI. Theoretical calculation in the ESI shows the obvious
inﬂuence from the π electrons on the electron distribution of the
C1 precursor. Therefore, both the UV-vis and XPS characterizations
imply the change of electron property in C1 due to the existence of
π -π conjugated interactions, which can usually result in the electron transfer and thus enhance the catalytic activity of carbon catalysts. The ORR is more easily initiated by the π -electrons because
of their lower work function [10]. Moreover, the π conjugation system usually produces highly effective electron transfer, contributing to the improved catalytic activity [16]. Other studies imply that
the π -electron can promote the band shift toward the conduction
band [21]. Additionally, due to the delocalization effect and weakly
bonding character of π electron clouds in a conjugated structure,
the π electron conjugated structure could be oxidized and reduced
much more easily, establishing the IL with more π electron as a
promising precursor for preparing ORR catalysts [22].
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4. Conclusions
We have demonstrated an eﬃcient way to manipulate the ORR
activity of carbon catalysts derived from the tailored ILs with π π conjugated interaction introduced by a π -electron enriched aromatic ring. The formation of π conjugation system in the carbon precursor can be favorable to ORR catalytic performance. The
present work provides a new strategy in the application of ILs in
synthesis of functional meatal-free catalysts.
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